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INTRODUCTION

To obtain high quality crystals, it is desirable to maintain a diffusion-limited transport
process and a planar solidification surface between the solid and the melt during the crystal
growth process. Due to the presence of buoyancy-driven convection, however, this situation is
difficult to maintain on Earth. The microgravity environment of an orbiting space laboratory
presents an alternative worth pursuing. With reduced gravity, convection is very much suppressed
in a space laboratory, making the environment more conducive for growing crystals with better
quality. :

However, a space laboratory is not immune from any undesirable disturbances. Non-
uniform and transient accelerations such as vibrations, g-jitters, and impulsive accelerations exist -
as a result of crew activities, space vehicle maneuvering, and the operations of on-board
equipment. Measurements conducted on-board a U. S. Spacelab mission showed the existence of
vibrations in the frequency range of 1 to 100 Hz. (See Ramachandran, Baugher, and Rogers,
“Acceleration Environment on the Space Shuttle and Its Impact On Thermo-Solutal Fluid
Mechanics,” ASME Winter Annual Meeting, 1993). It was reported that a dominant mode of 17
Hz and harmonics of 54 Hz were observed and these were attributed to antenna operations. The
vibration is not limited to any single plane but exists in all directions. Some data from the Russian
MIR space station indicates the existence of vibration also at this frequency range.

It is known [Refs. 1-10] that vibration can exert substantial influence on the fluid flow and
heat transfer characteristics, such as changing the local or total heat transfer rate, affecting the
. transition from conduction heat transfer to convection, and from laminar flow to turbulent flow. It
can also change the boundary layer thickness thus affecting mass transfer. Hence the presence of
vibration will have negative impact on achieving the diffusion-limited process in a space
laboratory.

This report summarizes the work conducted at NASA MSFC during the tenure of the
1994 Summer Faculty Fellowship Program. It consists of two parts: a brief summary of an
extensive literature search and review on vibration convection; and the results of a numerical
study of vibration convection in an enclosure under zero gravity.

REVIEW OF LITERATURE ON VIBRATION CONVECTION

An extensive literature search has been conducted on vibration convection studies
conducted for the past three decades. Although most works reported in the open literature are
included, the emphasis has been on works conducted in the former Soviet Union. It was found
that the Russians have conducted quite extensive studies, and an analytical method has been
developed for studying high frequency vibration convection. A brief summary of the review is
given below. Two areas covered in this summary are the effects of vibration on fluid stability, and
vibration effects on convection in fluid-filled enclosures.
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Stability of Fluid Laver

Stability of fluid layers subject to vibration modulation has been the subject of analytical
and experimental studies for many years. Most analyses were conducted using the linear
perturbation method. In the Russian studies, a time-averaged method has been used for flows with
high frequency vibrations. This method, first proposed by Zenkovskaya and Simonenko [Ref. 11],
utilizes a time-averaged quantity to represent the effects of vibration acceleration. Closed form
solutions were obtained under certain conditions. Problems studied include vibration convection
in a rectangular cavity [Ref. 12], vibration convection in a cylindrical cavity [13], flow about a
uniformly heated cylinder [14] and others. It was found that vibration modulation can alter the
stability criteria. Implications to fluid behaviors under zero gravity were also made. Detailed
description of this method, its development and application can be found in the treatises of Refs.
15 & 16.

Experimental studies of stability were conducted by Zavarykin et al. [Refs. 17, 18] for
fluid layers subject to heating and vibration. In their experiments, the stability of a vertical and a
horizontal fluid layer were studied when subject to vibrations. Results indicate that vertical
vibration can suppress convection instabilities in fluid layers that are vertically stratified in
temperature. The results also indicate that vibration excitations in the horizontal direction can
destablize the fluid. These results support the predictions obtained from analyses.

Yibration Convection In An Enclosure

Early experiments conducted by Forbes, Carley and Bell [Ref. 4] showed that heat transfer
rate for a liquid-filled vertical rectangular enclosure is enhanced when sinusoidal vibration is
applied. Their experiments indicated the existence of a resonant frequency, near which the
enhancement is the strongest. Similarly, Ivanova and Kozlov [19] applied vibrations to a
horizontal cylindrical layer under convection and reported the existence of three flow regimes
based on vibration intensity. Effects of transient vibrations were studied by Ivanova who
conducted an experiment to study cooling of fluids between two concentric cylinders [Ref. 20].

As the frequency of vibration reaches a certain range, phenomena such as resonance and
the change of heat transfer modes may occur. These phenomena, usually transient and highly non-
linear, cannot be analyzed using the linearized methods. Full equations must be used and
numerical solutions are usually required. Studies of vibration convection in an enclosure have
provided significant insight into these complex phenomena. Heat transfer rate across the enclosure
walls, given in terms of the average Nusselt number, has been used as a direct measure of the
intensity of interactions between vibration and convection.

The existence of synchronous, sub-harmonic and relaxation oscillations which resulted
from the non-linear interaction of vibration and convection has been studied by Gresho and Sani
[6]. Numerical studies of this phenomenon were conducted by Yurkov [Refs. 21, 22], by Biringen
& Danabasoglu [23] and others. Most recently, a numerical simulation of vibration convection in
a two-dimensional cavity was conducted by Fu and Shieh [24] which covered a wide range of
vibration frequencies. Their study also covered several different values of residual gravity
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including zero gravity. Their results showed the existence of different flow regimes confirming the
findings of the Russians [Ref. 25]. A summary of these results are given below:

The key parameters of vibration convection are the Prandtl number, the vibration frequency,
and the Grashof number (G).

The effect of vibration is more prominent in frequency variations than in amplitude variations.
The effect of vibration reaches an asymptote at high frequencies.
There exists a resonance regime for which heat and mass transfer are greatly enhanced.

Figure 1. shows the variation of the average Nusselt number vs. vibration frequency fora -

fluid-filled cavity subject to sinusoidal vibrations in the direction normal to the temperature
gradient. Figure 1(a) is from [Ref. 25], while figure 1(b) is from [Ref. 24]. A quick analysis of the
data from Ref. 24, indicates that the resonance frequency could be in the range of 1 to 100 Hz.

6.0

_ 50F

X 40F

;i < 30
2.0
1.0

0.0 | lllllll IR

2 3
2 3 logw 10 10 10
(@ ®) W

Ro=0.0
c=10°

r
&
5
¢
. g
2

4

Figure 1. Results of Past Studies

A NUMERICAL STUDY OF
VIBRATION CONVECTION

To demonstrate the effects of vibration on convection in a weightlessness environment, a

numerical simulation of a crystal growth cell was conducted using a two-dimensional fluid-filled
cell. This cell is subjected to a lateral temperature gradient and a vertical sinusoidal vibration.
Fluid flow and heat transfer rates were obtained for a wide range of vibration frequencies. Results
of the numerical simulation demonstrate the complex processes occurring inside the cell, and
supports the existence of resonance regime and the high frequency asymptotes as were reported in
Refs. 24 and 25.
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Non-Dimensional Equations

The basic equations for analysis are the equations for an incompressible fluid with
Boussinesq approximation. Casting in non-dimensional form using a characteristic velocity based
on thermal diffusion, o, and the length of the cell, L, we obtain the following equations
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Here 6, P, U, V, and 7 are non-dimensional variables. Other parameters are Pr the Prandtl
Number, Ra the Rayleigh number, G the Grashof Number, and o the non-dimensional circular
frequency. Here we have assumed that the sinusoidal vibration is imposed in the vertical (Y)
direction, same as the residual acceleration. Figure 2 depicts the domain of calculations.

Solution Method

Equations (1-4) are solved numerically using the NASA developed two-dimensional Finite
Difference Navier-Stokes solver (FDNS2D). A finite difference mesh of 31 by 31 are used to
calculate flow properties in the interior of the cavity. The quasi-static condition was used as the
initial condition and transient solutions were obtained for different vibration frequencies using a
time marching technique. Iterations at each time step is used to ensure convergence.

Y
L Adiebehe.
HEH
X L N Y
o ;ii;::gs?a
| I SR B |
ﬁ!::!:'i‘r{.
REEEEE
[ BT |
L R B
SR B
::;,-._u-”

Yy Sy b
0 Adiabdkic. L

Figure 2. Rectangular Cavity

NV

HNEEE

i

Figure 3. Results of Current Study
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RESULTS & DISCUSSIONS

Numerical calculations were conducted for air (Pr = 0.7) in a cavity of 1 cm squared in a
zero gravity environment (Ra = 0). The vibration acceleration is applied in the Y-direction while a
temperature difference of 100 k is maintained between the walls at X=0, and X=1 as shown in
Figure 2. Results of numerical calculations are shown in Figures 3 through 5 for the case of G =
104, From the variation of Nusselt number as shown in Figure 3, it is evident that several
different flow regimes exist as vibration frequency changes. This variation follows the same trend
as shown in Figure 1, supporting the findings of previous studies. The resonance frequency
obtained here is within the range as predicted in Ref. 24.

Figure 4 shows the variation of the average Nusselt number as a function of time for six
different vibration frequencies. These curves showed the strong interactions between convection
and vibration at different frequencies. At low vibration frequencies, as shown in Fig. 4 (a), the
flow is oscillatory at twice the vibration frequency. At intermediate vibration frequencies, shown
in Fig. 4 (b), instability has set in and multiple frequencies showed up. As the frequency increases
further resonance is reached. As shown in Fig. 4 (c), the flow showed large variations in Nusselt
number. At even higher frequencies, as shown in Figs. 4(d) and (e), a transition period occured
with oscillations of multiple frequencies. At extremely high frequencies, as shown in Fig. 4(f),
high frequency vibration convection is established. The flow settles rapidly after an initial response
to the vibration. The Nusselt number peaked first then levels off to its asymptote.

Details of the flow field can be shown by plotting the stream functions, the isotherms, and
the velocity vectors at different stages of its development. Shown in Figure 5 are the plots for a
high frequency vibration convection (@ = 1400). Figure 5(a) shows the stream functions (left
row), the isotherms (middle row), and the velocity vectors (right row) of the first two cycles.
Figure 5(b) shows the same after 10 cycles of vibrations. Notice the thin thermal boundary layers
near the isothermal walls which cause the Nusselt number to peak. Figure 5(c) shows the fully
developed flow which has reached the asymptote.

Fig. 4. Time Variation of Nusselt Number at Different Frequencies
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Fig. 5. Stream Functions and Isotherms of High Frequency Vibration Convection

CONCLUSIONS & RECOMMENDATIONS

The following conclusions were obtained from the literature search and review: extensive
effort in vibration convection study has been conducted for the past few decades; results indicate
strong effects of vibration on convection, especially at reduced gravity; a time-averaged method
has been developed and used extensively in the study of vibration convection at high frequencies.

From a numerical simulation of vibration convection in an enclosure, it was concluded
that: different type of flow regimes exists for different vibration frequencies; a resonance regime
exists with enhanced heat and mass transfer; the fluid flow approaches an asymptote at high
vibration frequencies.
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Resuits of this study strongly support the findings of other researchers. To assess the
impact of vibration on crystal growth on orbit, quantitative information would be needed. It is
recommended that further studies be conducted covering a wider range of Grashof number; that
properties of a typical liquid metal be used; and that non-zero residual gravity be added. This will
not only provide better understanding of the behavior of liquid melt in space but also provide
necessary guidelines for the planning of ground experiments. Theoretical studies of the resonance
phenomenon will also add to our understanding of this interesting and complex phenomenon.
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